Porphyromonas gingivalis (Pg) is an important periodontal pathogen that is also implicated in pregnancy complications involving defective deep placentation (DDP). We hypothesized that Pg invasion of the placental bed promotes DDP. Pregnant rats were intravenously inoculated with sterile vehicle, Pg strain W83, or A7436 at gestation day (GD) 14 (acute cohort). Nonpregnant rats received repeated oral inoculations for 3 months before breeding (chronic cohort). Tissues and/or sera were collected at GD18 for analysis. Pg infection status was determined by seroconversion (chronic cohort) and by presence of Pg antigen in utero-placental tissues processed for histology and morphometric assessment of spiral artery remodeling. Mesometrial tissues from seropositive dams were analyzed for expression of interleukin 1β, 6, and 10, TNF, TGF-β, follistatin-related protein 3, and inhibin beta A chain since these genes regulate extravillous trophoblast invasion. The in situ distribution of W83 and A7436 antigen in utero-placental tissues was similar in both cohorts. In the acute cohort, mesometrial stromal necrosis was more common with W83, but arteritis was more common with A7436 infection (P < 0.05). Increased vascular necrosis was seen in mesometrium of chronically infected groups (P < 0.05). Only A7436-infected animals had increased fetal deaths, reduced spiral artery remodeling, reduced inhibin beta A expression, and an increased proportion of FSLT3 positive extravillous trophoblasts within spiral arteries. While infection with both Pg strains produced varying pathology of the deep placental bed, only infection with strain A7436 resulted in impaired spiral artery remodeling.
Introduction
Defective deep placentation (DDP) is defined as inadequate physiologic remodeling of the deep myometrial segments of the uterine spiral arteries [1] . DDP is a common disorder of various pregnancy complications with detection rates ranging between 48 and 83% of first and second trimester spontaneous abortions, 35% of preterm premature rupture of membranes, 34% of spontaneous preterm births, 58% of abruption placentae, 48% of intrauterine growth restriction (IUGR), and 73% of preeclampsia cases [2] . Uterine arteries that have failed to be remodeled during pregnancy may also exhibit uterine atherosis, a late pregnancy lesion that is characterized by peri-vascular infiltrates of foam filled macrophages and lymphocytes with fibrinoid necrosis and thrombosis of the vessel [1] .
Optimal remodeling of the uterine spiral arteries involves loss of their elasticity and conversion to large dilated vessels that allow for efficient blood flow to the placenta. This process is highly regulated and thought to occur in various stages whereby the integrity of the arterial endothelium and the surrounding vascular smooth muscle layer are disrupted and invaded by extravillous trophoblasts (EVT). The first stage of remodeling begins during decidualization of the uterus and is characterized by disruption of the arterial endothelium and intimal layer and by loss of vascular smooth muscle cells [3, 4] . The second stage of remodeling involves invasion of the arterial lumen and the uterine interstitium by EVT [5] . Disruption at any stage of this process can result in varying degrees of DDP with subsequent damage to the placenta and/or fetal morbidity.
There is emerging evidence that defective decidualization during early pregnancy can affect EVT invasion and spiral artery remodeling resulting in pregnancy complications that involve DDP [4, 6] . A plethora of cytokines within the uterine microenvironment such as IL-1β, IL-6, IL-10, IL-11, IL-15, TNF-α, and the transforming growth factor beta (TGF-β) superfamily including the activins regulate EVT invasion and spiral artery remodeling during normal pregnancy [7] [8] [9] [10] [11] . Derangements in some of these factors have been shown to inhibit EVT invasion in vitro or disrupt implantation and placentation in vivo [11] [12] [13] [14] . It is notable that periodontal bacteria, which have been detected in the placenta of women with preeclampsia [15] [16] [17] , can elicit cytokine and chemokine responses from decidual cells [18] that could reduce EVT invasion and spiral artery remodeling [11] . Indeed, TNF-α-mediated inflammation triggered by lipopolysaccharide inhibits spiral artery remodeling and promotes fetal growth restriction and preeclampsia-like disease in rats [14] .
Porphyromonas gingivalis (Pg) is an important Gram-negative periodontal pathogen of humans that is also implicated in promoting cardiovascular disease [19] , low birth weight, IUGR, preeclampsia, and spontaneous preterm birth [15] [16] [17] [20] [21] [22] [23] [24] [25] [26] . In women with complicated pregnancies, the rate of detection of Pg DNA or antigen within the uterine compartment ranges between 30 and 92% [15-17, 22, 25] . Experimental infection in rodents and rabbits have shown that Pg strains A7436 and W83 can invade the placenta and/or fetus via hematogenous routes and induce placental vascular defects, enhanced expression of pro-TH1 type cytokines (IFN-γ , IL-2, IL-12, and TNF-α), fetal growth restriction, and spontaneous preterm delivery [27] [28] [29] [30] . However, a confounding aspect of these studies is that the variety of adverse pregnancy outcomes associated with Pg infection involve different underlying pathologies. For instance, preeclampsia and fetal growth restriction are usually manifestations of abnormal placentation that began during the first trimester of pregnancy [5] . In contrast, spontaneous preterm birth usually takes place during the second or third trimester of pregnancy and is often the result of an overt inflammatory response involving the placenta, chorioamnion, or choriodecidua [31] . Although these complications arise from diverse pathologies within the placenta or chorioamnion, one common pathologic feature of these disorders is DDP, which occurs within the maternal side of the maternal-fetal interface [32, 33] .
While in vitro studies using the immortalized first trimester EVT cell line HTR8/SVneo cells suggest Pg may have the capacity to affect spiral artery remodeling [34, 35] , this has never been determined in vivo. Given that Pg invasion of the maternal-fetal interface [15, 17, 25] is linked to pregnancy complications that often have DDP [1, 32] , we hypothesized that some Pg strains interfere with the physiologic remodeling of the uterine spiral arteries. We focused our analysis on Pg strains A7436 and W83 since these strains induce a diverse range of pregnancy complications in rodents [27] [28] [29] [30] 36] linked to DDP in women [1, 32, 37] . Namely, experimental infection with W83 induces preterm delivery and fetal growth restriction in rodents [29, 30] , whereas A7436 induces placentitis, uterine vasculitis [36] , and fetal growth restriction [27, 28] .
In this study, we have demonstrated that Pg delivered intravenously or by repeated oral inoculations is able to reach the maternal-fetal interface in rats. While both Pg strains could be found in association with decidual and mesometrial stromal cells, only Pg strain A7436 reduced uterine spiral artery remodeling with an increased number of embryonic deaths. This lesion was associated with derangements in inhibin βA expression, which is important in decidualization and may reflect decidual dysfunction.
Materials and methods

Animals
All procedures were conducted after approval from the University of Florida, and the University of Wisconsin Institutional Animal Care and Use Committees. All experiments used specific pathogen-free Sprague Dawley (SD) rats (Charles River International Laboratories, Inc., Kingston, NY). Animals were housed in the same room under barrier conditions. In all experiments, control animals were always handled before infected animals. Each experiment used a Latin square design so that an equal number of animals were assigned to each treatment group. Specimens collected from two independent experiments were used to establish reproducibility.
Acute infection
Archived tissues from a previous study [36] were used to assess acute changes within the placental bed. In this study, pregnant rats received one intravenous inoculation of 10 5 , 10 7 , or 10 9 colony-forming units (CFU) of Pg strain W83 or A7436 at gestation day (GD) 14, before invasion by interstitial trophoblasts [38] . Dams were euthanized 4 days later (GD18) when interstitial trophoblast invasion is at its peak [39] . Utero-placental tissues were collected for histology.
Chronic infection
An oral inoculation protocol was used to establish a chronic periodontal infection in rats [40] . Six-to eight-week-old female rats first received kanamycin (20 mg) and ampicillin (20 mg) daily for 4 days in the drinking water to reduce the number of commensal bacteria. The oral cavity was then swabbed with 0.12% chlorhexidine gluconate (Peridex: 3M ESPE Dental Products, St Paul, MN, USA) mouth rinse to inhibit the endogenous organisms and to promote subsequent colonization with Pg. Rats were switched back to antibiotic free water and rested for 3 days to allow clearance of antibiotics from their system before beginning the inoculation phase of the study. An equal number of rats were randomly assigned to control, 
Cultivation and preparation of bacteria
Pg W83 and A7436 were grown on supplemented Tryptic Soy broth and agar as previously described [41] . CFU were estimated by optical density readings taken at 550 nm. Broth cultures were pelleted by centrifugation at 12,000× g for 4 min at room temperature and resuspended in sterile 2% (w/v) low CMC. The CFU of bacterial suspension was confirmed by culture as previously described [41] .
Tissue selection and processing
At time of necropsy, fetuses were removed from the placenta. The utero-placenta was fixed intact for 24 h at 4
• C in freshly prepared 0.25% paraformaldehyde-0.2 mol/L lysine-0.02 mol/L sodium periodate [36] . Specimen selection of archived tissues was based on initial evaluation of hematoxylin and eosin (H&E) stained sections that showed an intact mesometrial triangle at the center of the uteroplacental unit as indicated by the presence of the central artery.
In the chronic infection study, fetuses were removed from the placenta. Excess uterine tissue was trimmed from the mesometrial triangle that was left attached to the placenta. In order to avoid over fixation of the tissue, the entire utero-placenta was fixed in 10% buffered formalin for 24 h at room temperature, washed in distilled water and transferred to 70% ethanol until trimming. At trimming, the uterus/placenta was carefully transected through the center so that both mesometrial triangle and placenta could be evaluated. Both sections were embedded in paraffin as previously described [25] and stained with H&E for initial histologic evaluation. Utero-placental specimens with presence of the maternal channel (MC) that were also confirmed to be positive for Pg antigen were used for morphometric analysis.
Mesometrial tissues selected for gene expression analysis were aseptically peeled away from the placenta at time of necropsy. Excess uterine tissue (not part of the mesometrial triangle/decidua basalis) was removed. Mesometrial tissue was immersed in TRIzol reagent (Life Technologies, Grand Island, NY) prior to flash freezing in liquid nitrogen. Frozen tissues were stored at -80
• C until RNA extraction.
Immunofluorescent histology
Five micron thick paraffin embedded sections were mounted onto glass plus slides and processed for antibody staining as previously described [42] . Pg antigen was detected with a rabbit polyclonal antibody to whole Pg W83 (diluted 1:2000) that was previously shown to be specific for Pg but also able to detect other Pg strains with equivalent avidity [25, 41] 
Histologic assessment of mesometrial lesions and morphometry of antibody stained sections
At least two utero-placental sections of each specimen (n = 5) were evaluated. All sections were examined with an EVOS FL Auto Cell Imaging System (Life Technologies, Grand Island, NY). Only specimens in which the central channel/artery was present were used for evaluation and morphometric analysis. Specimens from control animals were first evaluated to establish normal histology. Specimens from Pg-infected animals were de-identified and coded prior to evaluation and morphometric analysis. A specimen was considered positive for stromal necrosis, arteritis, and/or coagulative necrosis if the lesion was detected in at least one tissue section per slide. Stromal necrosis referred to regions of the decidual stroma with cellular debri and pyknotic nuclei that was sometimes apposed with a margin of macrophages and/or neutrophils (Supplementary Figure S1A) . Arteritis was considered present if macrophages, lymphocytes, or neutrophils were observed invading and/or surrounding the blood vessel wall (Supplementary Figure S1B) . In the chronic infection cohort, arteritis was characterized by fibrinoid necrosis with macrophages and lymphocytes infiltrating the vessel wall (Supplementary Figure S1C ). Sections were considered to have coagulative necrosis if vessel architecture was retained but there was loss of nuclei (Supplementary Figure S1E ) [43] . Specimens that contained foci of liquefactive necrosis that was contiguous with coagulative necrosis were still assigned to the coagulative necrosis group. For morphometric analysis of immunostained sections, several images that covered the entire span of the decidua basalis were taken with the EVOS FL Auto Cell Imaging System (Life Technologies, Grand Island, NY) that has UPlanAPO objectives (Olympus, Waltham, MA). Filters used for fluorescent imaging were Texas Red, Cy5, and DAPI light cubes (Life Technologies, Grand Island, NY). During image capture of fluorescent stained sections, camera settings were optimized using the tissue section with the highest degree of fluorescent signaling. Once image capture settings were established, the same settings were used for all the tissues within the specific labeling experiment. Images were saved as 8-bit tiff files with a resolution of 72 pixels/inch. For publication purposes, image resolution was increased to 300 or 400 dpi with Adobe Photoshop version 19 CC (Adobe). For qualitative assessment of immunostained sections, the scan feature of the EVOS system (Life Technologies, Grand Island, NY) was used to stitch together a series of images taken at 10× magnification that spanned the entire utero-placental unit.
Calibrated digital images were analyzed with Image J 1.50b analysis software (Rasband, National Institutes of Health, USA). Morphometry of spiral artery remodeling was performed with the particle analysis feature. Trophoblast invasion was determined by dividing the average area (mm 2 ) of cytokeratin positive staining within an image by the total area of the mesometrial triangle of the same image. Loss of endothelium and vascular smooth muscle was assessed by manually tracing the arterial segments within the mesometrial triangle of each CD31/smooth muscle actin labeled vessel excluding the vessel lumen. The traced area of the vessel was deemed the total area. Particle analysis was used to measure the CD31 and α-actin positive area within the area of the traced vessel. The percent area of all arterial segments within the mesometrial triangle of two sections per biological replicate was determined. Final area measurements of each biological replicate were then averaged and reported as the mean percent area (mm 2 ).
Placental morphometry of H&E sections that contained the MC was performed on stitched composite images taken at 4× magnification (Supplementary Figure S2) . A calibrated image taken at 4× magnification was used to as a reference to set the scale of one tile within each composite image. After the composite image was calibrated, the edge of the placenta (spongiotrophoblast and labyrinth) was manually traced and the area was determined with Image J 1.50b analysis software (Rasband, National Institutes of Health, USA).
Colocalization of follistatin-related protein 3 and cytokeratin-7 was performed on uteroplacental specimens from control and Pginfected groups. Immunofluorescent stained images that spanned the entire region of the mesometrial triangle of each specimen were used for the analysis. Data from all images obtained from the same biological replicate were added before determining percentage of follistatinrelated protein 3 positive EVT [i.e., the total number of follistatinrelated protein 3 positive EVT (cytokeratin-7 positive cells) divided by the total number of EVT (both follistatin-related protein 3 negative and positive cells)].
Detection of Pg-specific IgM and IgG
Dam antibody responses to Pg were determined by ELISA as previously described [44] . Whole cell Pg lysate was further homogenized by sonication (Sonic Dismembrator, Thermo Fisher Scientific, Waltham, MA) and the total protein concentration of the lysate was measured by Bradford Protein Assay (Thermo Fisher Scientific, Waltham, MA). Stock aliquots of Pg lysates were stored at a concentration of 2 mg/ml at -20 C. For the ELISA assay, Pg lysates were diluted with 50 mM bicarbonate coating buffer pH 9.4 (Thermo Fisher Scientific, Waltham, MA) to yield a final concentration of 20 μg/ml. Goat anti-rat IgM (Southern Biotech, Birmingham, AL) and donkey anti-rat IgG (Thermo Fisher Scientific, Waltham, MA), both conjugated to horse radish peroxidase, were used for detection (1:4000 and 1:2500, respectively). Pooled sera from Pg-infected dams and uninfected control animals were used to establish serum dilutions that fell within the linear range of a dilution curve. Subsequent ELISAs were batched and each plate contained a positive and negative control. In order to minimize plate to plate variation, each 96 well plate contained serum samples from each group. All samples were run in duplicate and readings were obtained with a Model 680 microplate reader (Biorad Laboratories, Hercules, CA).
Gene expression analysis
RNA from mesometrial tissues was extracted according to the manufacturers' protocol (TRIzol reagent, Life Technologies, Grand Island, NY). Mesometrial tissues were minced in TRIzol at a ratio of 70 to 150 mg of tissue in 1 ml of reagent followed by homogenization with a Read Mill 4 homogenizer (Thermo Fisher Scientific, Waltham, MA). RNA quality and quantity were assessed by Nanodrop electrophoresis (Agilent RNA 6000, Agilent Technologies, Inc., Santa Clara, CA). Il1b, Il6, Il10, Tnf, Tgfb1, Fstl3, Inhba, and Actb expression were measured by RT-qPCR using Quantitect primers (Qiagen Inc., Germantown, MD) using the manufacturer's reagents and protocols. Reactions were performed in duplicate with Light Cycler 96 (Roche Applied Science, Indianapolis, IN). Relative gene expression for each specimen was determined by the comparative C t method with β-actin used as the reference and values reported as 2 −( Cq) [45] .
Fetal sex determination
PCR-based detection of the male Sry1 gene [46] was used to determine fetal sex in formalin fixed paraffin-embedded specimens used for morphometric analysis (Supplementary Table S2 and Figure S3 ). Genomic DNA from uteroplacental specimens was extracted using ReliaPrep FFPE gDNA Miniprep System according to manufacturer instructions (Promega, Madison, WI). PCR-based amplification of the beta actin gene (Actb) was used to assess DNA quality of each sample. For all PCR reactions, the denaturing step was performed at 95
• C for 3 min, 35 amplification cycles were done at 95
• C for 30 s, 57
• C for 45 s, and 72
• C for 1 min, and the final annealing step was done at 72
• C for 5 min with a T100 Thermal cycler (BioRad Laboratories, Hercules, CA). 
Statistical analysis
RESULTS
In situ detection of Pg in utero-placental tissues
Since our primary interest was to determine the impact of intrauterine invasion with Pg, we screened utero-placental tissue sections for the presence of microbial proteins using a rabbit polyclonal antibody to whole cell W83 (Figure 1 ) [41] . Pg antigen was not detected in any tissues from control animals (Supplementary Figure S4) . In both acute and chronic infection cohorts, Pg antigen was most often observed in the mesometrial and decidual stroma in animals infected with either Pg strain ( Figure 1A ). The distribution of Pg antigen was usually focal or multifocal and appeared to be internalized in some cells or in the extracellular matrix. Pg antigen was also present within the mesenchyme layer of the chorionic plate ( Figure 1C ). In the acute infection cohort, Pg was detected in utero-placental specimens from rats infected with W83 (70% positive) or A7436 (64% positive). In the chronically infected cohort, 75% of utero-placental units from W83-infected dams and 81% of tissues from A7436-infected dams were positive for Pg antigen in the mesometrial and/or placental compartments. Specimens that were positive for Pg antigen were used for subsequent analysis.
Dam antibody responses to Pg
In order to determine if chronically infected animals developed an immune response to Pg, sera collected at time of necropsy were assayed for the presence of Pg-specific IgM and IgG. There was no difference in the amount of anti-Pg IgM among the groups (data not shown). However, four of six W83 inoculated dams and five of seven A7436 inoculated dams had a significant increase in the amount of Pg specific IgG based on absorbance values (P < 0.0001, Supplementary Figure S5 ). Only tissues from dams that seroconverted were used for gene expression analysis.
Impact of Pg infection on the placental bed and fetus
Stromal and coagulative necrosis was observed in all treatment groups regardless of duration of infection (Table 1) . However, in the acute infection group, the prevalence of stromal necrosis was greater in W83-infected animals than in controls (P < 0.05, Table 1 ). Although arteritis was exclusively present in Pg-infected animals, the number of Pg A7436 positive tissues was significantly greater than in control tissues but not in W83-infected tissues (Table 1 ).
In the chronically infected group, there was no difference in the frequency (Table 1) or the overall amount (data not shown) of stromal necrosis among treatment groups. While none of the control or W83 groups in this cohort had arteritis, two A7436 positive specimens had atherosis-like pathology within the mesometrial triangle that consisted of fibrinoid necrosis of the vessel wall with invasion by mononuclear leukocytes (Supplementary Figure S1C) . Partial EVT invasion of these arteries was also evident (Supplementary Figure  S1C) . A greater proportion of W83 and A7436 positive tissues had coagulative necrosis with or without liquefactive necrosis than did controls (Table 1) . Coagulative necrosis was most commonly found at the mesometrial/decidual junction (Supplementary Figure S1D) . Liquifactive necrosis was never seen without coagulative necrosis in any of the specimens.
In our assessment of the chorionic plate and umbilical cord, we did not find inflammatory cell infiltrates in any of the Pg-positive sections that were evaluated from either the acute or chronic cohort (Supplementary Figure S6) .
Since Pg has been shown to increase embryonic lethality and promote fetal growth restriction [27, 28] , we compared placental size, fetal weight, litter size, and number of fetal resorptions from control and Pg-positive animals (i.e., Pg-positive utero-placental tissues and/or dams that seroconverted postinoculation) ( Table 2) . Placental size and corresponding fetal weight measurements were limited to specimens that were selected for morphometry based on criteria described in Methods. Statistical analysis of litter size and resorption number per litter was performed on data from Pg-inoculated dams that seroconverted. We found that placental specimens positive for A7436 were smaller than controls but not smaller than the W83 (Table 2). There was no difference between placental size of W83 positive and control tissues. There was no difference in corresponding fetal weights or litter size among the groups. However, dams seropositive for A7436 had a greater number of fetal resorptions than controls (Table 2) . While the proportion of fetal resorptions in A7436-infected dams was greater than W83-infected animals, it did not attain statistical significance.
Fetal resorptions were also evaluated by histology (Supplementary Figure S7 ). Regardless of treatment group, pathologic features of resorptions were qualitatively similar in all groups. All specimens had varying degrees of mesometrial decidualization with mild to moderate vascular necrosis in the myometrium. Necrosis of the placenta was present in all groups, but was more extensive in specimens from Pg-infected animals.
Pg A7436 infection reduces spiral artery remodeling
Utero-placental specimens found to be positive for Pg and sham controls were examined for remodeling of the uterine spiral artery. We first measured the extent of EVT invasion into the mesometrial triangle since this event begins at GD15 and peaks at GD18 [39] and would allow us to investigate this process in both acute and chronically infected cohorts (Figure 2; Supplementary Figure S8 ). EVT invasion into W83 positive tissues was not significantly different from control tissues in either the acute or chronically infected cohort (Figure 2A and B) . On the other hand, A7436-positive tissues from both cohorts showed a significant reduction in EVT invasion compared to W83-infected and control groups (P < 0.05). There was no fetal sex difference in the extent of EVT invasion in any of the treatment groups (data not shown).
Tissues from the chronically infected cohort were evaluated for earlier changes in spiral artery remodeling that began before GD14. Namely, we measured the amount of endothelial ( Figure 3A ; Supplementary Figure S8 ) and vascular smooth muscle cells retained within the mesometrial spiral arteries ( Figure 3B ) [47] . Tissues from W83-infected dams had the same degree of endothelial and vascular smooth muscle cell loss as the control group. In contrast, tissues from A7436-infected animals showed a significant retention of both mesometrial arterial endothelium and smooth muscle cells that indicated reduced remodeling of these vessels (P < 0.001). There was no fetal sex difference in the extent of endothelial retention or vascular smooth muscle among the groups (data not shown).
Pg-induced dysfunction of spiral arterial remodeling is not associated with mesometrial inflammation but is linked to dysregulation of decidual inhibin βA expression
Experimental infection with Pg can modulate the production of IL-1β, IL-6, IL-10, and TNF-α at the maternal-fetal interface in rodents [28, 29] . These cytokines have been shown to affect spiral artery remodeling in the rat or EVT invasion in vitro [14, 48] . Therefore, Figure 2 . Pg strain-dependent effects on EVT invasion into the mesometrial triangle at GD18 from acute and chronic infection cohorts. Panel A shows representative images of EVT (green) invasion into the mesometrial triangle of control tissues and Pg W83 or Pg A7436-infected tissues. EVT cells (green) were stained with anti-cytokeratin 7 (KRT7); nuclei (blue) were stained with DAPI. Images are 10× magnified image composites that were stitched together using the scan feature on EVOS. MC refers to maternal channel. The extent of EVT invasion into the mesometrial triangle in acute (B) and chronic (C) infection. Values in each graph represent the mean ± SD of six biological replicates from two independent experiments. Data were analyzed by one-way ANOVA and Tukey tests.
we measured the mRNA expression of these cytokines within the mesometrial tissue of animals in the chronic infection groups. Tissues from acutely infected animals were not available for analysis. We found no difference in mRNA levels of any of these cytokines among control and Pg-infected animals (Supplementary Figure S9) . TNF-α is particularly known for inhibiting EVT invasion in vivo [14] . Therefore, we assessed the in situ location of TNF-positive cells in the mesometrial triangle of animals from both the acute and chronic cohort. We performed dual staining of TNF and uterine NK cell marker (ANK1), EVT marker (KRT7), or macrophage marker (CD68) in control and Pg-positive specimens (Supplementary Figure S10A) . We focused on these cell types since they are known sources of TNF during normal and/or pathologic pregnancy [11, 49, 50] . TNF-positive cells were mainly found around the spiral arteries in the periphery of the mesometrial triangle (Supplementary Figure  S10A) . Costaining with ANK1 confirmed that the majority of these cells were uterine NK cells in all treatment groups (Supplementary Figure S10B) . Intraluminal EVT positive for TNF were occasionally detected in mesometrial sections of all groups (Supplementary Figure S10C) . TNF-positive macrophages (CD68 + cells) were not detected in mesometrial tissues from the acute cohort or in control animals from the chronic cohort. However, TNF+ CD68 cells were identified in mesomterial tissues positive for W83 or A7436, usually in association with uterine NK cells and TNF negative CD68 cells (Supplementary Figure S10D) .
We measured gene expression of TGF-β superfamily members: TGF-β1 (Tgfb1), follistatin-related protein 3 (Fstl3), and activin A (Inhba) since these mediators can also affect decidualization and/or modulate EVT invasion. FSTL3 and TGF-β1, in particular, inhibit EVT invasion [51] , whereas activin A, which is made up of two inhibin beta-A subunits, enhances decidualization and EVT invasion (Figure 4 ) [52] [53] [54] . There was no difference in mRNA levels of Tgfb1 and Fstl3 among the groups (Figure 4) . However, Inhba expression was significantly reduced in tissues from dams seropositive for A7436 (P < 0.02). We next examined the in situ location of these mediators in the acute and chronic cohort by immunohistology ( Figure 5 ). Both TGFB1 and inhibin beta A were detected in mesometrial stromal cells. FSLT3, which functionally blocks activin A signaling [55] , was detected in spiral arteries in all groups, particularly in EVT within the decidual arterial lumen or vessel wall. (Supplementary Figure S11) . The proportion of EVT positive for FSLT3 was greater in tissues infected with A7436 than in control 
DISCUSSION
The underlying mechanisms that lead to DDP are unknown, but there is emerging evidence that abnormalities of the endometrium and inner myometrium before or during the early stages of placentation are involved in the disease process [1] . Given that bacteria including Pg can be found in the decidua/basal plate [15-17, 22, 25, 56] , and that Pg, in particular, is implicated in adverse pregnancy outcomes [57] , we wanted to determine if Pg could promote DDP. Using a rat model of infection, we were able to establish that Pg reaches the maternal-fetal interface and induces lesions consistent with DDP including increased fetal loss, albeit in a microbial strain-dependent manner.
We observed different forms of vascular injury in Pg-infected tissues. Although rare, atherosis-like pathology was exclusive to A7436-infected tissues in the chronic cohort group. Atherosis is usually present in spiral arteries that failed to undergo physiologic transformation [58, 59] , and the vessels that contained this lesion in A7436-infected animals were only partially transformed. Another more common lesion that was observed in both W83 and A7436 chronically infected tissues was thrombosis with coagulative necro- sis, which is associated with ischemia [43] . This lesion may be the end result of a chronic insidious inflammatory process initiated by Pg infection [41, 60] . Pg has been shown to activate arterial endothelial cells, increasing the expression of cell adhesion molecules that attract leukocytes and enhanced pro-coagulant responses in these cells [41, 61] . Arteritis found in acutely infected animals as well as TNF expressing macrophages found in chronically infected animals are indicative of mesometrial vascular inflammation. The increased vascular necrosis in chronically infected animals may be the result of Pg-induced vascular damage coupled with pregnancy-enhanced platelet aggregation, vascular constriction, and thrombin formation [62] . Since this lesion was common in W83-infected tissues, the pathogenesis of mesometrial vascular necrosis with thrombosis does not appear to be directly related to Pg-induced DDP. However, as suggested by mesometrial/decidual vascular lesions in fetal resorptions, this form of vascular damage may play a role in placental defects [63] and fetal morbidity and mortality [64] . A common lesion in animals acutely and chronically infected with A7436 was the dramatic reduction in EVT. Since A7436 was primarily found in, or associated with, decidual/mesometrial stromal cells, we measured the expression of various mediators known to affect EVT invasion. There was no significant difference in the overall expression of cytokines among the groups. While this may be a true reflection of Pg infection within the stroma, we cannot rule out the possibility that some of the specimens that were examined were not infected and could have produced a spurious result. Despite this limitation, Inhba expression was significantly decreased in specimens from A7436-infected dams that had DDP. It is worth noting that Activin A (comprised of two inhibin beta A protein subunits) facilitates spiral artery remodeling by several mechanisms. Activin A promotes decidualization of human endometrial stroma [65] and enhances EVT invasion through induction of matrix metalloproteinase 2 (MMP-2) expression [52] . In contrast, TGF-β and follistatin-related protein 3 can interfere with this process. TGF-β indirectly impedes EVT invasion by inhibiting MMP-2 activity [9] , whereas follistatin-related protein 3 directly antagonizes Activin A function in targeted cells via paracrine communication [55] . FSLT3 (also known as FLRG) in particular is localized to decidual and placental blood vessels in humans, and it has been postulated that it mediates Activin A signaling in blood vessels [66] . While the overall expression levels of mesometrial Tgfb1 and fslt3 were similar among control and Pg groups, we found that the proportion of FSLT3-positive EVT was greater in the spiral arteries of A7436-infected animals. Thus, FSLT3 may be further aggravating an already compromised physiologic process of spiral artery remodeling. Given the in situ location of Pg in the mesometrial stroma, we propose that Pg A7436 may be exerting its effects on mesometrial stromal cells with downstream consequences on the regulation of activin A expression and function at the maternal-fetal interface. As a consequence, EVT invasion into the uterine tissue and spiral arteries is reduced and the spiral arteries are not adequately remodeled.
Decidual vasculopathy is most commonly defined as the presence of foam filled macrophages and fibrinoid necrosis within the vessel wall, but perivascular inflammatory cell infiltration with thrombosis and medial hypertrophy have also been reported [2, 64] . In preeclamptic women, fetal morbidity and mortality is correlated with the degree of decidual vasculopathy, particularly if it includes thrombosis [64] . We observed a similar effect in our study. For example, both W83-and A7436-infected animals had similar rates of mesometrial/decidual vascular necrosis, but A7436 also had reduced spiral artery remodeling and atherosis-like pathology. These lesions probably had a cumulative effect that contributed to poorer fetal outcomes (i.e., smaller placenta and increased number of fetal resorptions).
The oral inoculation protocol that was used in this study induces a strong IgG response to Pg that does not confer protection against periodontal destruction [40] . In pregnant mice, the development of high IgG titers to Pg was seen in dams with intrauterine infection and fetal growth restriction [28] . We therefore used serology as a screening tool to identify animals with likely microbial dissemination. Consistent with previous reports [40] , none of the Pg-inoculated dams had Pg-specific IgM. Although we limited our analysis to Pg positive specimens from dams with a strong IgG response to Pg, we did not see fetal growth restriction. This may be partly related to hostspecific factors since we used SD rats, whereas other studies used mice or Wistar rats [27] [28] [29] . Alternatively, our methodology may have affected our outcome since we used repeated oral inoculations to produce chronic infection [40] rather than use subcutaneous inoculation [29] or inoculation of molar pulp chambers [30] to establish infection.
It is not surprising that infection with W83 and A7436 would not produce identical outcomes. Pg strain-dependent effects on disease have been observed in both epidemiologic and experimental infection studies [36, 67, 68] . The differences between W83 and A7436 may be due in part to microbial diversity and its effect on host responses rather than differences in colonization since both seroconversion rates and the in situ location of Pg within the utero-placental tissue was similar.
Our intent was to determine if Pg infection would induce DDP. In this study, we established for the first time that infection with Pg can impair the physiologic remodeling of spiral arteries, producing lesions consistent with DDP, and that Pg-mediated DDP may involve stromal cell dysfunction. In addition, we demonstrate that Pg-mediated DDP is microbial strain dependent, which may explain some of the discrepancies between the presence of periodontal disease in women and risk for adverse pregnancy outcome [69] .
Supplementary data
Supplementary data are available at BIOLRE online. Table S1 . Antibodies used for immunohistology or ELISA.
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